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Abstract 
The basic properties of Three-Dimensional Hot Bending and Direct Quench (3DQ), especially the property of bending force 
were researched. The tensile strength of the product reaches 1470 MPa, and the energy absorption in crash test increases by 
applying partial quenching. In this report, the basic properties of Three-Dimensional Hot Bending and Direct Quench (3DQ), 
specially the property of bending force, are introduced. In addition, mass production system using robot and features of 
products are introduced. 
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1. Introduction 
In recent years, the automotive industry has been focusing on two issues: development of lighter vehicles to 
improve fuel economy, in an effort to prevent global warming; and improvement in crash safety. For satisfying 
these demands, the tensile strength of steel for automobile parts has been increased.  
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For the automotive parts with open cross section, the tensile strength can be reached more than 1470MPa by 
using the hot stamp technology. For automobile parts with tubular structure, which have advantage in rigidity, the 
hydoroforming technology has been applied, but the tensile strength of the steel tube is limited to 980MPa because 
of low elongation in room temperature. Three-Dimensional Hot Bending and Direct Quench (3DQ) Technology 
has been developed for forming the steel automobile parts with hollow tubular structure of which the tensile 
strength is more than 1470MPa [1].This technology has following features; 
        - Hollw tubular structure with ultra high strength (more than 1470 MPa) can be formed. 
- Forming complex bent shape is possible with high forming precision because of minimal springback. 
- Residual stress of the product is low. Therefore, there is no concern about delayed fracture. 
- Partial quenching is possible by controlling heating pattern. 
- The number of dies can be reduced significantly, because of die-less forming. 
In this report, the basic properties of Three-Dimensional Hot Bending and Direct Quench (3DQ), are introduced. 
In addition, mass production system using robot and features of products are introduced. 
2. Outline of Three-Dimensional Hot Bending and Direct Quench (3DQ) process 
2.1. Forming process  
Three-Dimensional Hot Bending and Direct Quench (3DQ) technology is a hot forming process as shown in Fig. 
1 [2].By induction heating, the temperature of steel tube is rapidly elevated to the temperature, where the micro 
structure of steel transform to austenite. Then the heated area, where the deformation resistance is decreased 
approximately 1/10 from raw material is bent by bending operation. Finally, the bent area is quenched by cooling 
water, where the micro structure of steel transform to martensite. Fig. 2 shows the temperature measured by K-type 
thermocouple (chromel-alumel), which was attached to the inner surface of tube. The temperature is rapidly 
increased by induction heater and is rapidly decreased by cooling water.  
 
 
 
 
 
 
 
 
                                                                                                                             
 
 
Fig. 1. Forming process of three-dimensional hot bending and direct quench.         Fig. 2. Temperature measured by thermocouple. 
 
  
As shown in Fig. 3, sequentially coupled thermo-mechanical-metallurgical finite element model was developed 
for Three-Dimensional Hot Bending and Direct Quench (3DQ) [3]. In this finite element model, ABAQUS 
Standard code is used. First, the temperature distribution is calculated with electromagnetic and heat transfer 
analysis, where the temperature dependent on electric, magnetic, and thermal properties was employed. At the next 
step, the temperature distribution was mapped to the thermo-mechanical-metallurgical coupled model and 
deformation analysis was carried out. For the calculation of transformation temperature, Kunitake’s equation [4] 
was applied. And Koistinen-Marburger’s formula [5] was applied for describing the transformation from austenite 
to martensite at the stage of cooling. The flow stress was calculated by lineally mixing the flow stress of each phase, 
by using the transformation fraction. By using this finite element model, distribution of temperature and strain rate 
was calculated. Fig.4 shows the result of calculation, where the work is rectangular carbon steel tube of 
W35mm×H45mm×t1.6mm, the maximum heating temperature is 1000°C,and the feeding speed is 80 mm/s. In this 
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condition, the deformed zone is narrow in the longitudinal direction, which is about 20 mm .This leads to 
suppression of collapse of the cross section of tube.  
 
 
 
 
 
 
 
 
 
 
  
             
     Fig. 3. Outline of finite element analysis.                                                    Fig. 4. Distribution of temperature and strain rate 
                                                                                                                     calculated by finite element analysis. 
2.2. Bending force  
As the bending force is important for the design of machine and the formable range for various type of products, 
experiments for measuring bending force were carried out. In this experiment, the machine using movable roller 
die, shown in Figs. 5 and 6, was used. The rectangular tube made of carbon steel (C0.21%) was used for this 
experiments. The experimental condition is shown in Table1. As shown in Fig. 7, the load cell (KYOWA, LMR-
S10KNSA2), which is 21 mm in diameter and 10mm in height, and the capacity of which is 10 kN, was assembled 
into the movable roller die for measuring bending force. As the bending was conducted in one direction, the load 
cell was placed at one side of the movable roller die.  
 
Table 1. Experimental condition for measuring bending force. 
 
 
 
 
 
 
 
 
 
Fig. 5. Schematic illustration of machine using movable roller die .            
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Photograph of movable roller die.                                                 Fig. 7. Schematic illustration of arrangement of load cell. 
Work  Bend radius Maximum 
heating 
temperature 
Work 
feeding 
speed 
W40mm, 
H40mm, 
t1.6mm 
200- 
1000 mm 
1050 Υ 11 mm/s 
W70mm, 
H50mm, 
t1.6mm 
200-  
1000mm 
1050 Υ 7.8 mm/s 
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By considering the stress distribution in the cross section of bent tube, the bending force F is calculated as,  
,/


S
LdSF                 (1)              
where σ denotes the flow stress, η denotes the  distance from the neutral axis, S denotes the area of cross section of 
tube L denotes the distance from deformation area to the point of application of force. As the flow stress σ, the 
mean flow stress given by Misaka and Yoshimoto’s formulation [6] is applied as, 
  ,/exp 13.021.0' 		 
 TAK               (2)              
where K’ and A denotes the value determined by carbon concentration, ε denotes strain, ε
㸬
 denotes strain rate, and 
T denotes temperature. Assuming that the temperature is calculated as the mean value of maximum temperature 
and 800°C, the mean flow stress was calculated. Figs. 8 and 9 show the bending force measured in the experiments. 
As Three-Dimensional Hot Bending and Direct Quench (3DQ) is the hot forming process, the bending force is 
small, and the bend radius and the work size affect on the bending force. In this experimental condition, the results 
of calculation agree with the experimental results.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                   Fig. 8.  Bending force measured in bending test.                           Fig. 9.  Relationship between bending force and bend radius.   
2.3. Mass production system using robot 
When the large bending force is required, the movable roller-die type shown in Fig. 5 is suitable. However, for 
most of the automobile parts, application of robot to the machine is possible because of the small bending force. 
Fig. 10 shows the machine using robot. The application of robot is effective in the point of facility size, 
standardization of facility, and capability of the many kinds and small quantity production. Fig. 11 shows the 
process of generating robot data. In this system, the data is generated from the CAD data of the automotive parts 
through the inverse analysis considering the plastic deformation. Based on this robot data, the forming is carried 
out. 
 
 
 
 
 
 
 
 
 
Fig. 10. Schematic  illustration of  machine with robot for 3DQ.          Fig. 11.  Process of generating robot data for mass production with robot. 
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3. Features of products by Three-Dimensional Hot Bending and Direct Quench (3DQ) 
3.1. Mechanical property 
Fig. 12 shows hardness distribution of the product by Three-Dimensional Hot Bending and Direct Quench 
(3DQ). Vickers hardness 450 HV, is obtained in all portions of the product. It is easy to obtain partial quenched 
products by this process. Fig. 13 shows an example of hardness distribution of partial quenched product obtained 
by controlling the heating pattern. 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 12. Example of hardness distribution of product.                     Fig. 13. Hardness distribution of partial quenched product.  
 
3.2. Energy absorption of partial quenched product in crash test 
The partial quenched specimen, which was quenched only at the bent area, was bent, and the axial crash test was 
carried out. The condition of bending is shown in Table 2. The bent specimens were formed in the both condition 
of partial quenching and overall quenching for comparison. The size of the tube is 40mm×40mm and the thickness 
was 1.8mm.The weight for the axial crash test was 430kg, and the initial height was 4m from the specimen. As 
shown in Fig. 14, the overall quenched specimen buckles at the bent portion. On the other hand, the partial 
quenched specimen deforms at the portion where the tube is not quenched before buckling. As a result, as shown in 
Fig. 15, the energy absorption of the partial quenched specimen is higher than overall quenched specimen where 
the stroke is 150mm. From this result, the partial quenching would be effective in the improvement of energy 
absorption and the control of deformation pattern during crash deformation.   
 
 
Table 2. Experimental condition of bending for partial quenched specimen and overall quenched specimen 
 
 
 
 
3-3.Application to the automotive products 
Fig. 16 shows an example of twisted product by Three-Dimensional Hot Bending and Direct Quench (3DQ), 
which is difficult to be formed by the other conventional forming technology. Fig. 17 show examples of bent 
products by Three-Dimensional Hot Bending and Direct Quench (3DQ), which are expected to be applied to 
automobile parts for reduction in weight and improving crash safety. 
 
 
 
Material Work  Bend radius Maximum Heating temperature 
Carbon steel (C0.21%) W40 mm, H40 mm,  t1.8 mm 300mm   1050 °C 
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                        (a)                                         (b) 
Fig. 14. Deformation of partial quenched bent specimen                  Fig. 15. Energy absorption of partial quenched bent specimen crash test. 
in crash test; (a) overall quenching; (b) partial quenching.  
 
 
 
 
 
 
 
 
 
Fig. 16. Example of twisted product.                                                          Fig. 17. Example of automotive products. 
4. Conclusion 
The strain rate distribution in the deformation area and the bending force in Three-Dimensional Hot Bending 
and Direct Quench (3DQ) were made clear by finite element analysis and experiments. The bending force is small 
as expected. The mass production system using robot has been developed. This system is effective in the point of 
facility size, standardization of facility, and capability of the many kinds and small quantity production. The 
features of products formed by Three-Dimensional Hot Bending and Direct Quench (3DQ) are discussed. The 
energy absorption in crash test was increased by application of partial quenching. Through the application of this 
forming technology to the automobile parts, the reduction in weight and improving crash safety are expected. 
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